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ABSTRACT
In this work, we employed angle resolved photoemission spectroscopy (ARPES) to analyze the temperature dependent changes in the elec-
tronic structure of the first antiferromagnetic topological insulator MnBi2Te4 upon crossing the Néel temperature TN ≈ 25 K. We observed an
exchange splitting of the bulk conduction band, which has a power law dependence on temperature (1 − T/T0)2β with an onset temperature
T0 well matching the measured bulk TN. We found a matching temperature evolution of the topological surface states integrated spectral
weight in the vicinity of the Dirac point. Furthermore, we observed an additional quasi-2D state with Rashba-type splitting, which is also
affected by the emerged magnetism and exhibits an opening of a gap, reminiscent of the effect of an out-of-plane magnetic field, below TN.
All these findings point toward strong evidence of the interplay between emerged magnetism with bulk and topological surface states. The
observed temperature-dependent effects in MnBi2Te4 may be used as an experimental fingerprint for the presence of magnetism and may
guide the future analysis of ARPES spectra in magnetic topological insulators.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5142846., s
A combination of magnetic and topological orders in novel
quantum materials has unlocked an intriguing research area in con-
densed matter physics. Breaking of time reversal symmetry (TRS)
in 3D topological insulators (TI) has been recently proposed to be
the way to realize the quantum anomalous Hall effect (QAHE).1
When TRS is broken via exchange interactions, the topological sur-
face states (TSS) are no longer protected, and a gap opens at the
Dirac point (DP).2,3 This leads to the creation of chiral 1D edge
states with quantized Hall resistance. Magnetism can be induced
into TIs in the following ways: doping with magnetic atoms,4,5 via
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a proximity effect,6,7 magnetic extension of TI crystal structure,8–10
or the creation of intrinsic magnetic TI.11–13 To this date, the most
common way1,2,14–22 and the only one with experimentally observed
QAHE1,16 is doping of 3D TI (Bi,Sb)2(Te,Se)3 with magnetic 3d
or 4f elements. However, the highest observed critical temperature
required for QAHE has been limited to 1 K,23 which could be caused
by the arbitrary localization of magnetic atoms.24 The temperature
of the TI transition to the QAHE regime is expected to be related
to the size of the bandgap at the DP and the TI’s magnetic ordering
temperature.3,25 Therefore, the recently discovered intrinsic antifer-
romagnetic (AFM) TI MnBi2Te4 (MBT)9,11,26–33 has a great potential
to show a high-temperature QAHE.
Indeed, it was shown that MBT is characterized by a high Néel
temperature (TN) and a large bandgap at the DP in comparison
with magnetically doped TIs. The material has a layered structure
and consists of septuple layer (SL) blocks (Te–Bi–Te–Mn–Te–Bi–
Te) stacked along the c axis and separated by van der Waals gaps.
From magnetic measurements, it was shown that MBT exhibits an
A-type AFM ordering with an easy axis perpendicular to the layers,
i.e., parallel to c.11,34 According to theoretical calculations and direct
magnetic measurements, TN of MBT is about 25 K.11,35,36 Below
TN, theory predicts an opening of a giant bandgap of ∼80 meV at
the DP in case of A-type AFM ordering. Experimentally such order
gaps for MBT have been reported in Refs. 11, 37, and 38. How-
ever, several recent experiments propose small gap (<20 meV),39,40
which is explained in terms of a deviation of the surface magnetic
ordering from the bulk. These deviations are suggested to be caused
by reconstruction processes and sensitivity to surrounding envi-
ronments. This inconsistency of results indicates the possibility of
a complex space-varying magnetic structure in MBT. Therefore, a
more detailed investigation of the system’s evolution processes in
respect to the emerged magnetic state is required.
With this intention, here we present a detailed study of the elec-
tronic structure in paramagnetic (PM) and AFM phases in MBT by
means of μ-focused Laser-based angle resolved photoemission spec-
troscopy (ARPES).41 We demonstrate that both the bulk conduction
band (BCB) states and the topological surface state (TSS) spectral
weight are affected by the emerged magnetism.
ARPES above and below the AFM transition temperature:
We first analyze the MBT band structure well above and below TN
(Fig. 1). The spectra N(E) in Figs. 1(a) and 1(b), accompanied with
their second derivatives d2N/dE2 in Figs. 1(c) and 1(d), show dis-
persion maps E(kx) measured along the ΓK high symmetry direction
of the surface Brillouin zone. In Fig. 1(a), one can identify a band
marked by the green dashed line (A), which is clearly visible in the
second derivative in (c). According to ab initio calculations,11 this
state corresponds to the bottom of the BCB and has a weak disper-
sion along the kz direction. Figure 1(b) shows the band structure
below TN. The original single band (A) now visibly splits into two
bands, marked with red and blue curves and labeled as (B) and (C).
FIG. 1. (a) and (b) Band dispersions E(kx ) of AFMTI MBT measured along the ΓK direction with photon energy of 6.3 eV at T = 35 K and T = 10 K, respectively. Green, red,
and blue dashed curves with corresponding labels (A)–(C) in (a) and (b) show states of interest. The green curve marks the degenerated (A)-band above TN, and blue and
red curves mark the (B) and (C) bands after splitting occurs below TN. Black horizontal lines correspond to the minimum of highlighted bands and schematically show splitting
process. (c) and (d) demonstrate the second derivative d2N/dE2 of spectra (a) and (b), respectively. Insets in (c) and (d) focus on the region of the split states. Cyan lines
near the Fermi level mark the position of constant energy cuts in (e). Here, the bottom part corresponds to the one half (in k-space) of the Dirac cone at T = 10 K, and the
upper part to the second half at T = 35 K. The Fermi surface map was obtained by combining a number of band dispersions E(kx ) at various emission angles corresponding
to different ky . It is presented as a second derivative for better visualization. Blue, red, and green half circles correspond to the same bands as in (a) and (b).
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Despite its weak intensity, the lower binding energy band (B) can be
observed in the second derivative plot [Fig. 1(d) and its inset] as well
as in the energy distribution curves (EDC) in Fig. 2(c). The split-
ting is also clearly visible as a modification of the Fermi surface, as
shown in Fig. 1(e) where states of interest are highlighted with the
same colors and labels as in Figs. 1(a) and 1(b).
Temperature dependence of the band splitting: In order to
track the evolution of MBT electronic structure across the AFM/PM
transition, we measured a detailed set of dispersion curves E(kx)
heating the sample from 10 K to 35 K and cooling back to 10 K.
The measurements upon heating and cooling exhibit essentially the
same behavior, proving the absence of aging effects on the mea-
surements. To improve the statistics and precision of our analysis,
we show the average results for each temperature point. First, we
focus on the bottom state of the BCB (A) highlighted in Fig. 1 with
green. Experimental EDC obtained at the Γ-point at various tem-
peratures (10–35 K; step 0.5 K) are presented in Fig. 2(a) as the
second derivative (d2N/dE2) for better visualization [for N(E) see
the supplementary material, Fig. 1S]. One can clearly see that the
band (A) splits into two (B) and (C) upon crossing T ≈ 25 K. Start-
ing from low temperatures, at which bands (B) and (C) are well
separated, we use two Voigt profiles to describe the bands of inter-
est and fit the EDCs. The resulting binding energies of (B) and (C)
are plotted in Fig. 2(b) as red and blue dots. At 10 K, the states
are well separated by ≈45 meV and move closer to their common
center of mass with elevated temperatures. Above 23 K, the two-peak
fit breaks down as the binding energies become comparable with
each other. To track the evolution within the PM phase, we reduce
the number of Voigt profiles to one and start fitting from the well
defined electronic structure at 35 K, moving toward the PM/AFM
transition temperature. The resulting binding energies are again
plotted in Fig. 2(b) as green dots. This time, peak’s binding energy
is unchanged, and no temperature dependence is visible above TN.
In Fig. 2(c), we present a precise analysis of the fitting components
including the Dirac cone, bulk valence, and described above bulk
conduction bands. The profiles in Fig. 2(c) bottom and top parts are
cut from the E(kx) dispersions in Figs. 1(a) and 1(b), correspond-
ingly. Except for the main peaks of interest, related to the BCB states
(A) at 35 K and (B) and (C) at 10 K, we used additional six peaks
describing the other bands within the range of the EDCs: cyan and
magenta for the Dirac cone states, gray for valence and upper part
of BCB.
Having obtained the binding energy of the split bands as a
function of temperature, we perform a fitting of the temperature
dependence of the splitting in Fig. 2(b). Assuming the splitting is
of exchange-type related to the magnetic long range order of the
sample, the energy splitting should exhibit a linear dependence on
the magnetic moment (ΔE ∼ μ) and would be well described via
a standard power law μ ∼ (1 − T/T0)2β. The results of the fit-
ting are added to Fig. 2(b) as black dashed lines and well match
FIG. 2. (a) Set of experimental EDCs taken at the Γ-point in the temperature range between 10 K and 35 K and step ΔT = 0.5 K, presented as d2N(E)/dE2. (b) Dots mark
positions of the split BCB states as a function of temperature: green—(A), red—(B), and blue—(C). Black dashed lines show approximation below T0 of the experimental
data using a power-law-type behavior ∼ E0 ⋅ (1 − T/T0)2β + EA. Here, E0 represents the saturated exchange splitting energy at T = 0 K, and EA is an energy offset
corresponding to the position of the degenerated (A)-state marked with green. The vertical cyan line in (a) and (b) points TN. (c) Spectral decomposition of the EDCs at the Γ
point at T = 10 K (top part) and T = 35 K (bottom part). Gray circles (bottom) and squares (top) represent experimental points, black solid lines are fitted functions, and gray
lines represent additional spectral components (see the text). Magenta and cyan peaks correspond to components of the Dirac cone. The green peak (bottom panel) is for
(A)-state above TN and blue and red peaks (top panel) are for split states (B) and (C) below TN.
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the observed temperature dependence. Fitting parameters give val-
ues T0 = 24.8 ± 0.3 K and β ≈ 0.25. From an extrapolation of the
fit function, we extract a saturated exchange splitting of 55 meV
at 0 K (at 10 K to ∼45 meV). The AFM transition temperature
TN as extracted from susceptibility measurements11 and onset tem-
perature T0 estimated from our ARPES experiments match well
within their respective errors. A power law behavior with similar
parameters of T0 and β was also found for the intensity of the reflec-
tion peak related to the AFM structure in neutron scattering in MBT
compound.34
In the case of antiferromagnetically ordered MBT (A-type
AFM, along c-axis), the splitting of the BCB state also can be found in
density functional theory (DFT) calculations of the MBT band struc-
ture.11,39 These calculations reveal two parabolic bands which are
located above the upper part of the Dirac cone state. The bands are
split for about 60–65 meV that slightly exceeds our estimation of the
splitting saturation of 55 meV (atT = 0 K). In the PM phase (Ref. 39),
no splitting is predicted for the BCB, and the mentioned bands are
merged at their center of mass similar to what is observed in our
experiment (e.g., Figs. 1 and 2). Based on comparison with DFT,28
we assume that the BCB (A)-state has mostly the Te p-type charac-
ter. It was shown that the magnetic moment can be induced on Te
atoms by 3d magnetic elements, as it was demonstrated for V doped
TI.42 Furthermore, assuming a free-electron-like parabolic band dis-
persion, a splitting of ∼50 meV would correspond to an internal field
of about 400 T.43 Local fields of such strength are typically refereed
to magnetic materials.
Together, these results allow for an unambiguous interpreta-
tion of exchange-energy driven lifting of spin degeneracy for the
band (A) below the bulk PM/AFM transition temperature. The most
important here is that the splitting onset temperature matches with
bulk TN, which gives potential to probe magnetic properties of MBT
compound simultaneously with electronic structure at the same
position.
Exchange splitting in Rashba-like states: In the region close to
the Fermi level, one can observe an additional conduction band state
that is presented by two parabolas, shifted symmetrically along the
wave vector. Such a behavior is reminiscent of the Rashba-like split-
ting in quasi-2D conduction band states. This Rashba-like band is
better visible in the zoomed region of Figs. 1(c) and 1(d) presented in
Figs. 3(a) and 3(b) as the second derivative d2N/dE2. To analyze this
band behavior, we make an approximation of the state’s intensity
maxima, by a Rashba-type function with an exchange-interaction




(αRk)2 + Δ2.44 Written in such form E±(k)
has two parts where “−” corresponds to the dispersion below the
parabolas crossing point [i.e., Kramers’ point (KP)] and “+” is for
the part above it. Here, αR is the Rashba parameter, m∗ is the effec-
tive mass, and 2Δ is the size of bandgap at the KP. Approximation
of the ARPES dispersion with E−(k) is shown with green thick lines
in Figs. 3(a) and 3(b). The part lying above the KP is close to the
Fermi level and weakly resolved. Therefore, we reproduce it (shown
with green thin lines) using E+(k) with parameters obtained for the
E−(k). One can see that for T = 35 K, the model curves with Δ = 0 eV
match the experimental density distribution well. Therefore, we can
assume an absence of a bandgap at the KP within the PM phase.
However, at T = 10 K in the AFM phase, the density distribution
of the band changes and a bandgap appears to be open with a size of
about 30 meV. Additional evidence of the gap opening can be seen in
the N(E) profiles, cut at the Γ-point, Fig. 3(c). Density distribution in
vicinity of the Fermi level becomes flatter moving from 35 K to 10 K
and its maximum shifts by roughly 15 meV (red and blue arrows,
correspondingly). From the temperature evolution of the band, we
found that the KP bandgap size is temperature dependent and has
onset temperature similar with the one of the BCB (A), i.e., TN [see
Fig. 2S(a,b)].
Since the Rashba-like band is located in the region of the
BCB, we can describe it as quasi-2D bulk state or surface reso-
nance. A very similar Rashba-split state can be found in theoretical
ab initio calculations39 corresponding to the AFM phase. Surpris-
ingly, calculations do not reveal any KP bandgap opening in the
AFM phase. Thus, the Rashba-like state appearing in our exper-
iment and the one predicted by calculations may be different in
nature.
Temperature dependence of the Dirac cones spectral weight:
Finally, we analyze the TSS’s response to the magnetic ordering.
While theory undoubtedly predicts an opening of a giant bandgap
up to 90 meV for A-type AFM ordering, experimental results have
a wide variation from narrow gapped (<20 meV) states39 to rather
pronounced DP bandgap.11 Here we extend our findings in regard
to the Dirac cone intensity variation with temperature presented in
Ref. 11.
One can see that in the AFM phase [Fig. 1(b)], edges of the
TSS are more pronounced than in the case within the PM phase
[Fig. 1(a)]. This has significant effect on the precision of the bandgap
FIG. 3. (a) and (b) Zoomed region
of Figs. 1(c) and 1(d) near the Fermi
level, presented as the second deriva-
tive d2N/dE2. Green dashed lines show
approximation of density maxima with
energy distribution function of Rashba-
type splitting E±(k). From the fitting
Rashba parameter, aR is 2.2–2.5 eV⋅Å
and the KP bandgap 2Δ is 0 meV at
35 K (a) and ∼30 meV at 10 K (b). (c)
EDCs at the Γ-point cut from N(E) spec-
tra at T = 35 K (red) and T = 10 K
(blue). Arrows show corresponding den-
sity maxima [see Figs. 2S(c) and 2S(d)
for spectral decomposition].
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FIG. 4. (a) Direct comparison between spectra from Fig. 2(c) measured at
35 K (shown in red color and light gray) and 10 K (shown in blue color and dark
gray). Labels (A)–(C) mark states in correspondence with Fig. 1. Solid peaks
show spectral components of low and upper Dirac cone parts. (b) Integrated
intensity of the TSS in the vicinity of the DP within temperature region between
10 K and 35 K is shown with blue triangles. The TSS average intensity at the
plateau region (above T = 25 K) is set to 1. For the comparison temperature
evolution of BCB, (A)-state exchange splitting size is added as yellow circles.
Here, the splitting size is presented as doubled value of bottom brunch [blue
in Fig. 2(b)].
estimation. The spectrum at T = 10 K [Fig. 4(a) blue curves] in
the vicinity of the DP can be decomposed with two clearly sepa-
rated peaks (solid blue), which reveal a gap size of 60 meV. How-
ever, at elevated temperatures [T = 35 K; Fig. 4(a) red curves], the
peak decomposition is rather ambiguous and can be influenced by
either of the following: a closing of the gap or a broadening of
the peaks. The current fit returns a reduction of the DP gap by
roughly 15 meV. The fitting was done at an almost constant peak
width, which is the only one possible case [see Methods (supple-
mentary material) for the fitting process]. Nevertheless, one can
clearly see that peaks’ intensity drops significantly between T = 10 K
and T = 35 K.
To track the intensity evolution between these two points,
we make temperature dependent analysis of the total spectral
weight of the TSS near the DP. It is done by integrating inten-
sity of spectra E(k) at each temperature point within a window of
ΔE ≈ 100 meV [Fig. 4(a)] and Δk = 0.01 Å−1. Such a cutting window
mostly includes the Dirac cone spectral components (see the Spec-
tra analysis in the Methods section in the supplementary material).
Resulting dependence of the TSS intensity on the temperature is
shown with blue triangles in Fig. 4(b). The TSS intensity in the AFM
phase at T = 10 K is ∼60% larger than in the PM phase. This points
to a significant change in the TSS upon the AFM/PM transition.
The value of the BCB (A)-state exchange splitting is added
to Fig. 4(b). One can see that both dependencies well match each
other regarding onset temperature T0 and overall behavior. There-
fore, the TSS intensity also seems to be dominated by the power
law dependence on temperature as the exchange splitting of BCB
state (A). At the same time, the integrated intensity of states in
BCB (Fig. 3S) stays constant with temperature. From these facts,
we can establish that the Dirac cone spectral weight is influenced
by the presence of the AFM phase. This finding could be a very
important result since it may be the direct evidence for an interac-
tion between the Dirac cone states and magnetic phase in the MBT
system.
In conclusion, our results demonstrate the explicit variation of
the electronic structure of AFMTI MBT across the AFM/PM tran-
sition temperature. By means of high energy resolution ARPES, we
observe the evolution of an exchange splitting within the electronic
structure of the bulk conduction band with its onset temperature
well matches to the bulk AFM ordering temperature TN = 25 K.
This finding enables simultaneous estimation of the electronic and
magnetic properties in MBT compound, which can shed light on
a problem of electronic states response to the antiferromagnetic
ordering. Additionally, we found a Rashba-like state within the con-
duction band that demonstrates an opening of a bandgap at the
Rashba parabolas crossing point below TN. We further observe an
increase of the Dirac cone spectral weight with power law behav-
ior on temperature below TN, which claims of interplay between
magnetism and the Dirac cone state. Therefore, our results reveal
the response of different states of BCB and TSS to the antiferro-
magnetic ordering. Most importantly, this response is not the same
for the topological surface and bulk conduction band states. Further
investigations are required to study the direct interplay between the
magnetism and topology in the novel intrinsic magnetic topological
insulators.
Note added in proof. During preparation of this project, we
became aware that the other group40,45 also independently observed
the effect of the bulk conduction band splitting in MnBi2Te4
below T = 25 K.
See the supplementary material for more details on the experi-
mental methods, spectra analysis, and crystal growth.
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